I. INTRODUCTION
Carbon nanotubes (CNTs) are of great interest for numerous applications 1 such as field effect transistors, 2,3 displays, 4 sensors, 5 flexible electronics, 6 etc. CNTs are usually grown at high temperature (typically above 600 C) in batch processes resulting in growth over the complete substrate. For certain applications such as interconnects, it is particularly interesting to grow CNTs only locally and without heating up the complete substrate which may contain temperature-sensitive elements.
Laser assisted chemical vapor deposition (LACVD) offers an attractive method for the local growth of CNTs. Previous studies have demonstrated the possibility of growing different types of carbon nanotubes such as, singlewalled 7 or multi-walled, 8 with different laser types 9 and catalysts. 10 Temperature monitoring and control of laser assisted growth have been demonstrated before by using an homogeneous substrate temperature 7 or large spot sizes, 11 demanding very high laser power. Apart from the temperature, an important parameter for CVD processes that determines the CNT properties and diameter is the catalyst nano-particles and their preparation process. 12, 13 It is generally assumed that the catalyst layer first is oxidized 14 in air and then has to be reduced by a heat treatment in the presence of hydrogen 13 to finally form nanoparticles. 12, 15 In the case of a laser CVD process, the sequence of events and their dynamics leading to the formation of nanoparticles is barely understood. This step is nevertheless crucial for controlling the growth product and its characteristics.
In this research, we demonstrate a feedback control mechanism for a laser assisted CVD process, based on monitoring the mid-infrared radiation from the laser affected zone. This radiation is essentially of thermal origin and provides indirect information about the average temperature at the irradiated spot. To monitor surface changes during laser exposure as well as to detect the onset for CNT growth, we monitor the reflected laser intensity. Indeed, we have shown in a previous work 16 that this signal can be correlated to various critical steps of the CNT growth. Here, we show that this signal can be further used for identifying the catalyst formation and their activation to catalyze the carbonaceous gas dissociation and CNT nucleation. To quantitatively relate the temperature to its influence on the quality of the CNTs, a finite element model that takes into account time-dependent laser absorbed intensity is developed.
We first describe the experimental setup and the control strategy. In a second part, we discuss the thermal model that we fit with experimental data. Then, we investigate the catalyst nanoparticle formation and finally, we conclude with presenting experimental results that demonstrate the usefulness and the necessity of a closed-loop control.
II. EXPERIMENTAL A. Experimental setup
The setup is shown schematically in Fig. 1 aluminum-oxide layer and a 1.5 nm iron catalyst layer both deposited by e-beam evaporation. The stainless steel cylindrical chamber has a volume of 3.4 l with a gas inlet and an outlet. A K-type thermocouple is placed at the substrate holder, a pressure sensor is placed in the gas inlet, and an optical window provides visual access. A fiber-pigtailed laser diode (unique mode) emitting up to 35 W at k L ¼ 808 nm is incident at an angle of 35
. An InGaAs photodiode is placed beneath the substrate to measure the emitted IR radiation. In this configuration, the Si substrate acts as a high-pass optical filter with a cutoff wavelength of 1 lm. The reflected laser light is measured with a Si photodiode in combination with a laser line band-pass optical filter. The chamber is filled with a mixture of argon, hydrogen, and ethylene to 950 mbar in the ratio 8/2/5, respectively. The CNTs are grown in a controlled way and the results are analyzed using a scanning electron microscope (FEI Quanta 600F ESEM) and a Raman spectrometer (632 nm, Horiba LabRAM HR). The thermal finite element model is developed in COMSOL MULTIPHYSICS using the heat transfer Computational Fluid Dynamics (CFD) module with a time-dependent Generalized minimal residual method (GMRES) solver.
B. Control strategy
Open-loop laser assisted CVD is intrinsically sensitive to perturbations due to the small size of the heated zone but also to rapid changes of surface properties that modify the laser absorption and in turn the temperature. In Fig. 2, a schematic of the open loop system is presented in the top right blue area. In open-loop, the laser irradiance determines solely the process temperature and the rate at which the temperature increases (dT/dt). During the growth of CNTs, the absorbance of the substrate changes resulting in a different thermal behavior and ultimately a different temperature.
Extreme situations such as overheating can occur, preventing the CNTs from growing further.
To counteract perturbations and to better control the growth process, a closed-loop model is developed as depicted in the bottom section of Fig. 2 . The reflected laser beam and the emitted thermal radiation from the irradiated spot on the substrate are given as inputs for the closed-loop control. The strategy is to monitor and control the emitted radiation e(k,T) from the laser spot which is directly related to the temperature. The reflectance of the laser heated surface q(k L ,T) is assumed to be the direct complement of the absorbance a(k L ,T) of the substrate (in other words, the transmitted laser energy through the substrate can be neglected). As a consequence, a decrease in reflectance results in more absorbance of the laser irradiation and therefore an increased heating.
As shown in Fig. 2 , a proportional-integral-derivative (PID) controller is used for the feedback process. For a step response to a given reference radiation, the initial laser irradiance will be equal to the selected laser irradiance saturation level. This level determines the maximum value the controller will achieve and ensures that no integrator windup can occur. This phenomenon could otherwise occur when the output is limited (i.e., a maximum laser diode output) but the reference set-point is not yet reached. In this configuration, it therefore also limits the maximum irradiance output for the laser diode. In contrast to the open-loop situation, at the onset of the closed-loop process, the laser saturation irradiance determines the heating rate during the start of the process but does not determine the temperature at the laser spot, since the irradiance is controlled to keep the radiation constant during the continuation of the process.
In Fig. 1 , the sensors are shown in their actual configuration in the setup. The flow of operation is depicted by arrows.
The inset of the figure shows a detailed schematic of the different radiated, reflected, scattered, and emitted wavelengths involved in the process. The incoming laser light is k L (808 nm), k L , refl is the reflected laser light after hitting the surface of the substrate, k L , scatt is the scattered laser light, k CNT is the fluorescence emitted by the CNTs during growth, and k T,1 and k T,2 are spectra of emitted thermal radiation from the spot. The light emitted by the CNTs is currently not measured dynamically and therefore not taken into account in the closed-loop control process.
III. RESULTS AND DISCUSSION

A. Thermal model
One of the difficulties of laser assisted growth of CNTs is to accurately predict the temperature at the laser spot. As shown in Fig. 2 , the thermal model is an important element of the control process. Since the growth process is mainly dependent on temperature evolution in time, it is desirable to understand and adapt the growth process in relation to that. Finite element analysis software (COMSOL) is used to implement the thermal model of the process to be able to calculate the temperature evolution during the growth process. A 3D sketch of the model is shown in Fig. 3 . The substrate holder is an aluminum cylinder with a hole in the middle covered by a fused silica slide. The silicon substrate is fixed by two iron springs on top of the fused silica. The substrate holder is itself placed on top of a steel cylindrical part of the chamber. The inside of the cylinders is hollow so that the emitted radiation can be collected beneath the substrate. In the model, the temperature is calculated for each time step using the relevant heat conduction, radiation, and convection of different materials and gasses in the system.
The temperatures at the spot and surrounding are in the order of 600-1100 K so the thermal conductivity and heat capacity of silicon, fused silica, and iron are given temperature-dependent values. In order to incorporate convection, the temperature-dependent thermal conductivity, kinematic viscosity, and thermal diffusivity of the surrounding gases (argon, ethylene, and hydrogen 17 ) are used to calculate the temperature-dependent heat transfer coefficient h c at different surfaces. To estimate these coefficients, the following Nusselt numbers for free convection from a horizontal-top, bottom and a vertical 18 plate respectively are used
Nu VP ¼ 0:68 þ 0:67Ra
where Ra and Pr are the Rayleigh and the Prandtl numbers. The Nusselt number is defined as the ratio between the convective and conductive heat transfers. The heat transfer coefficient is given by,
where k f is the thermal conductivity of the gas mixture and L is the characteristic length or diameter. The laser spot is modeled as an ellipsoid with dimensions 65 Â 80 lm to take into account the incidence angle of 35 . The beam has a Gaussian intensity profile.
To compare the model with reality, three different experiments are performed in an argon/hydrogen environment to ensure the absence of ethylene where no growth can take place. In Fig. 4 , the temperature evolution of these experiments using different laser irradiances is shown and compared with the experimental data from the thermocouple positioned at the edge of the substrate.
B. Catalyst
The formation of nano-particles from the catalyst layer is a crucial process since this determines the properties and characteristics of the carbon nanotubes. To investigate the formation of the catalyst nano-particles, the substrates used in the open-loop experiments of Fig. 4 are observed since they do not contain any carbonaceous growth. In radiation and reflection detector responses for experiments 1 and 2 are presented. The radiation is lower for experiment 1 due to the lower laser irradiance. For both experiments, an increase of the radiation signal was observed. This increase in thermal radiation is attributed to the reduction and formation of the catalyst nano-particles. The 1.5 nm-thick iron catalyst layer is fully oxidized prior to starting the process.
14 The absorbed energy is used to reduce with hydrogen and melt the oxidized iron layer that turns into small metallic nanoparticles on top of the Al 2 O 3 layer. The higher the laser irradiance, the faster this process is completed. This is confirmed by the reflected laser signal in Fig. 5 . In Fig. 6 , a schematic overview of the reflected laser signal over time and the proposed mechanism corresponding to the different signal intensities is given. Inset (a) illustrates the starting configuration. The reflection first drops (inset (b)) due to the increase in absorbance of the laser irradiance as a result of the temperature increase. The reduction into metallic iron and the melting of the layer consume energy which results in a further drop in reflection (c). However, the metallic iron layer increases the reflection of that layer (d). The formation of small nano-particles reduces the actual covered area of the layer which also contributes to an increase in reflection (e). The heating of the substrate further decreases the reflectance due to the enhanced absorbance and possible additional interference effects associated with the thermal growth of SiO 2 (f). This peak in intensity takes longer for the lower laser irradiance in Fig. 5 to occur and corresponds in time to the increase in radiation. A higher laser irradiance generally leads to smaller catalyst particles and ultimately to nanotubes with a smaller diameter. 15, 19, 20 However, an overly long laser exposure will lead to the destruction of the catalyst layer and the formation of oxides. In Fig. 7 , the scanning electron microscopy (SEM) pictures of the catalyst layer are shown for different laser irradiances and exposure time. It is observed that at higher laser irradiance and longer exposure time more discrete separation of the catalyst nano-particles occurs. This can be seen in Figs.  7(a)-7(d) . However, 7(e) and 7(f) show a destruction of the catalyst layer and the formation of oxide crystals.
To demonstrate that the peak in the reflection signal is a result of the formation and reduction of the catalyst, we compare the reflected laser signal from three experiments, two
. At the same time, a small "step" in the reflection is visible. This increase is attributed to the formation and reduction of the iron catalyst nano-particles. substrates without the iron catalyst and one with the catalyst layer. These results are shown in Fig. 8 . As seen in this figure, the peak only occurs when the iron layer is present. When the substrate with the iron layer is exposed again to the same laser exposure conditions, the peak in the reflection is not observed, indicating that the formation and reduction of the iron catalyst nano-particles already took place. At this stage and due to the lack of experimental data for various catalyst thicknesses, we cannot conclude a possible correlation between the amplitude of the peak and the size of the nanoparticles. The inset of the figure shows an extension of the reflected laser intensity for 3 min. Since both curves (Si and Si/Al 2 O 3 /Fe) are showing an equal oscillation pattern, we attribute these oscillations to an optical interference effect caused by the thermal growth of a SiO 2 layer, as proposed in Fig 6, since that is the only material present on both substrates. To further confirm this assumption, we investigate the influence of the surrounding process gasses. Previous research has already indicated the importance of hydrogen in the formation and reduction (de-oxidation) of the iron catalyst nano-particles. 13 It is generally believed that the thin iron layer is quickly oxidized after being exposed to air into a combination of magnetite (Fe 3 O 4 ) and maghemite (cFe 2 O 3 ), a form of hematite.
14 The heat from the laser in combination with the hydrogen reduces this iron-oxide back to iron using the following redox relations: 21, 22 
The high temperature melts the iron and surface energy minimization of the iron liquid on the alumina surface causes the formation of small nano-particles as a result of the strong catalyst-support interaction. 23 Note that the nanoparticles' size, mobility, and distribution are also dependent on the method of deposition of both the support and the catalyst. 24 At a temperature above 577 C, w€ ustite (FeO) can nucleate. This oxide is more stable and harder to reduce. 25 To avoid the nucleation of this oxide, the time that the process exceeds this temperature in the absence of CNT growth should be minimized. Equations (5) and (6) indicated that the formation of iron nano-particles will not occur in the absence of hydrogen. In Fig. 9 , the laser reflection is shown for a substrate with the iron catalyst in the presence of different gases. When only air or argon is present, there is no observable peak in the reflection signal. When only hydrogen is present in the reaction chamber, there is a prominent peak present in the reflection. This experimentally confirms that the peak in the reflection signal is a result of the reduction and formation of the iron catalyst nano-particles. Our in situ catalyst observations demonstrate that the reflected signal can be used to monitor the onset of the catalyst layer activation. This important information can be used to trigger the growth process by introducing the ethylene at that time.
C. Temperature closed-loop control based on IR radiation
Using the time dependent laser irradiance and reflected laser signal, we use the finite element model to calculate the temperature as a function of time for experiments in the closed-loop configuration as described before. In Fig. 10 , the reference radiation, measured in voltage, is compared with the modeled maximum temperature calculated from different experiments. The figure demonstrates the direct relation between the reference radiation set-point and the process temperature at the laser spot. The inset of the figure shows the relation between the selected saturation laser irradiance level and the calculated temperature for a constant reference set-point (in this case 0.4 V) for the radiation signal. It shows that there is no visible influence on the temperature at the growth site for increasing laser irradiance saturation level.
We have also shown in the previous work 16 that in open-loop the laser set-point, as one would expect, governs the rate of temperature increase and is related to the quality of the growth product. A high temperature increase rate-in other words, a fast heating-yields higher quality CNTs. In the closed-loop situation, a higher laser irradiance saturation level would mean a faster response to the set-point value, which is analogue to achieving the CNT growth temperature faster. This can be seen in Fig. 11 for two different laser irradiances. For a laser saturation irradiance of 1100 W/mm 2 , the set point is reached faster than in the case of 770 W/mm 2 . A too fast response (i.e., too high laser irradiance) can lead to an overshoot in the set-point (or would require adapting the PID coefficients). In Fig. 11 also the difference between the temperature at the laser spot for the controlled and uncontrolled situations is depicted. Both experiments start with a saturation laser irradiance level of 770 W/mm 2 . The laser irradiance of the controlled experiment, on the other hand, drops in time to keep the radiation at the constant reference value. Until around 4 s, the temperature increase is more or less equal for both situations. The small dip is attributed to the formation and reduction of the iron catalyst nanoparticles.
The quality of the CNTs is characterized by using Raman spectroscopy. [26] [27] [28] The ratio of the D-band to G-band spectral intensity can be used as a measure for the quality of the nanotubes in terms of the presence of structural defects on nanotube walls and of amorphous carbon as well. High quality nanotubes with a low concentration of structural defects and amorphous carbon deposit in general have a low I(D)/I(G) ratio. The G 0 -band occurs around 2650 cm À1 and corresponds to the overtone of the D-band. The G 0 -band originates from a double resonance process involving two phonons from the corners of the first Brillouin zone. 26 In contrast to the D-band, no defects are required for this mode to occur in the Raman spectrum. 29 At the Raman shift between 0 and $350 cm À1 , the radial breathing modes (RBM) of single-walled CNTs (SWNTs) can be found. This mode can be used to calculate the diameter of the SWNT using the following relation:
where x RBM is the Raman shift and d t is the diameter of the tube. The diameter of the single-walled CNTs grown by our LACVD method is calculated to be in the range of 1.1-1.6 nm. The most abundant diameter was 1.3 nm which is slightly smaller than the thickness of the original iron layer. In Fig. 12 , the Raman spectra for a number of closedloop controlled experiments are shown. There are two types of experiments. First, the laser saturation irradiance level is increased and the radiation (and thus the temperature) is kept constant. In this case, the radiation was set at 0.4 V corresponding to $510 C. In this figure, it can be seen that increasing the laser saturation level does not improve the quality of the nanotubes. This is shown in more detail in Fig.  13(a) . The black dots depict the I(D)/I(G) ratio as a function of laser intensity for the same experimental conditions and are more or less constant which is confirmed by the linear fit. , the SEM analysis shows that the substrate was overheated and that a thick amorphous layer was formed. Increasing the reference radiation (i.e., the temperature) for the top three Raman spectra in Fig. 12 increases the temperature at the laser spot yielding higher quality nanotubes. Indeed, the I(D)/I(G) ratio decreases and the presence of the RBM peak demonstrates the presence of SWNTs. The RBM peaks are shown in more detail in the inset. In Fig. 13(b) , the I(D)/I(G) ratio is plotted as a function of the process temperature with constant laser saturation irradiance level. The error bars show the standard deviation over multiple experiments and positions at the center of the laser affected zone. The temperature is calculated using the finite element model and the time dependent laser irradiance and reflection as described before. The saturation laser irradiance level was set to the maximum value (1100 W/mm 2 ) to achieve the highest heating rate. A quadratic fit is added and a minimum is found around 675
C. This result demonstrates the capability of a temperature-controlled laser assisted CNT growth process. Further, it shows that the CNT quality is a function of the growth temperature in the investigated temperature range if all other parameters are kept constant. Based on Raman spectra, SEM analysis and the non-uniform temperature distribution of the experiments, the grown CNTs are most likely to be a mix of metallic and semi-conducting CNTs as well as multi-walled CNT (MWCNT) and SWCNT.
In Fig. 14 , the SEM pictures of a number of those experiments are shown. Figs. 14(a) to 14(c) correspond to the second, fourth and fifth spectra in Figs. 12 and 14(d)-14(f) correspond to the top three spectra in Fig. 12 . In (a) to (c), the increase of the saturation laser irradiance level seems to affect the length of the CNTs forest. This might be a consequence of the temperature heating rate which influences the efficiency and the nature of the catalyst decomposition. In Figs. 14(d)-14(f) , it seems that the amount of CNTs is decreased drastically by increasing temperature. The increase in temperature results in a few high quality CNTs (low I(D)/I(G)) while at the same time the growth conditions are changed such that an overall forest growth is absent. This type of growth could be the result of the sensitive process conditions around the laser spot at those high temperatures. The temperature is high enough for SWCNTs to grow but is also closer to thermal decomposition temperature of ethylene and above the w€ ustite formation temperature of 577 C. A formation of that oxide can slow down the reduction with hydrogen bringing the growth to a pre-mature stand-still. Although we do not have clear evidence to support it, the crystal structure of the oxide nevertheless resembles that of other iron-oxides.
D. Catalyst activation control
Using the information from the reflected laser irradiation as described earlier, we have the possibility to detect the onset of the catalyst layer decomposition, which can be used to optimize the gas feeding schedule. For non-laser CVD, a catalyst preparation step is common prior to the CNT growth. Here, we show that the same preparation step can be done with laser assisted CVD. As a consequence of the fast heating rate due to the low thermal inertia of the system, the catalyst preparation step is considerably shortened.
As a proof-of-concept, we demonstrate the growth of aligned CNT by introducing the flow of ethylene just after the catalyst activation step (detected using our method described earlier). Specifically, the chamber is filled with argon and hydrogen to a pressure of 290 mbar. The temperature set-point value (calculated by the thermal model which also includes a forced convection component for the ethylene) is set to 600 C. The saturation laser irradiance level is 1100 W/mm 2 and the ethylene is flowed at a rate of 250 sccm. The process time is set to 120 s. The result is shown in Fig. 15 . The donut shape suggests excessive temperature in the center of the laser affected zone which suggests further optimization of the process is needed. Nevertheless, this proof of principle demonstrates the controlled sequence of catalyst preparation followed by CNTs growth, both performed with the same laser.
IV. CONCLUSION
We have developed a closed-loop control process based on the infrared emission from the laser spot for reproducibly growing local CNT forests using a laser assisted CVD method. Finite element modeling, calibrated with experimental data, is used to determine and compare process temperatures. From experiments in a non-growth environment, we have investigated the iron catalyst properties and found that the optimal catalyst reduction and formation occurs when the maximum laser irradiance of 1100 W/mm 2 is used to expose the catalyst layer for 6 seconds to ensure formation of small particles but to avoid the formation of oxide crystals. We found a unique method to detect the onset of the catalyst layer monitoring the reflected laser irradiance. Increasing the growth temperature yields the same trend as for conventional CVD growth with respect to the quality of the CNTs. A minimum of the I(D)/I(G) ratio in the Raman spectra is found around 675 C. The amount and alignment of the CNTs, however, change rapidly for high temperatures suggesting iron-oxide formation and thermal decomposition of ethylene at high temperatures. Using the information from the reflected laser radiation, we have given a proof-of-concept for growing local CNT structures by introducing the carbon-containing gas triggered by completion of catalyst reduction and formation. This resulted in aligned CNT growth. With this novel laser assisted CVD method, we have successfully demonstrated that growing local CNT structures is possible. This opens up possibilities for different applications such as interconnects in flexible electronics where non-homogenous substrates require a stable temperature controlled growth of these CNT structures.
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